Abstract-In real urban deployments, base station antennas are typically not placed in free space conditions. Therefore, the radiation pattern can be affected by mounting structures and nearby obstacles located in the proximity of the antenna (near-field), which are often not taken into consideration. Also the intrinsic propagation mechanisms of the urban environment (far-field) can contribute to the distortion of the radiation pattern observed in a practical deployment scenario, especially when comparing it to the antenna pattern provided by the manufacturer and typically measured in free space. This paper presents a combination of near-field and far-field simulations aimed to provide an overview of the distortion experienced by the base station antenna pattern in two different urban deployment scenarios: rooftop and telecommunications tower. The study illustrates how, in comparison with the near-field effects, the urban propagation becomes the main contributor to the total distortion experienced. For the considered scenarios, the simulation results show a front-to-back-ratio reduction of approximately 10-15 dB in the effective antenna pattern compared to the free space reference. The near-field distortion has been evaluated by means of finite integration technique (FIT) simulations, while the far-field effects have been analyzed through intelligent ray tracing (IRT).
I. INTRODUCTION
According to heterogeneous network (HetNet) deployment strategies, macro base station (BS) densification is the initial solution adopted by mobile network operators to cope with the growing traffic demand before beginning the deployment of small cells [1] . By increasing the number of BS, the inter-site distance is reduced. This causes an increase of the number of interfering BSs, and therefore, radio planning plays an important role in order to keep a good performance of the network. In general, radio planning tools consider a number of different BS parameters such as height, orientation, downtilt and antenna pattern. All these parameters are crucial for an accurate coverage prediction or determination of exclusion zones for human exposure [2] . Especially important is the antenna pattern, which is typically imported into the tools directly from the specifications of the manufacturer combined with a set of thresholds that prevent the presence of unrealistic nulls in the pattern by limiting the maximum dynamic range and thereby the front-to-back ratio (FBR). However, there are further aspects that, typically, are not considered as for example the distortion of the antenna pattern due to the metallic mounting structures and the different obstacles located in the vicinity of the antenna. This near-field (NF) distortion, together with the different far-field (FF) urban propagation mechanisms (e.g. diffraction and reflection), can cause the effective radiation pattern of the BS antenna to differ significantly from the antenna pattern measured in free space conditions. As a reference, the measurement studied in [3] reported an approximate reduction of 5-20 dB in FBR with respect to the specifications from the BS antenna manufacturer in a practical 3G urban deployment.
Little work has been reported in the literature about the distortion of BS antenna patterns. One of the first approaches [4] was a theoretical study of the edge diffraction suffered by the fields of an arbitrary aperture antenna in a finite ground plane. This work found insignificant variations in the azimuth plane and up to 4-5 dB ripples in the elevation back lobe. Other studies [5, 6] estimated the effect of different antenna masts, reflectors and mounting structures by applying array-theory and method-of-moments (MoM) techniques. The first study found a 1.5-3 dB variation in the antenna boresight direction due to presence of the masts. The second one, found a negligible distortion caused by mounting structures, a reduction in the side lobe of the vertical radiation pattern of an array antenna due to masts, an up to 10 dB distortion in the azimuth plane due to 5 cm thick masts and, up to 10 dB variations due to building roofs when the antenna was not correctly oriented. A more recent publication [7] presented the analysis of chimneypot-like radomes for 3G BS antennas by means of finite-difference time-domain (FDTD) simulations reporting a FBR reduction of 2-4 dB depending on the shape of the radome.
In order to complement the previous work, this paper presents a combination of advanced NF and FF simulations which allows to understand the contribution of each of the different sources, including propagation, to the total distortion in two simple but realistic urban deployments: rooftop and telecommunications tower. The proposed analysis method is closely related to the one presented in [8] , where different spherical wave models, antenna models and raytracing were used. Differently in this case, in order to provide a complete and accurate approach, the distortion caused by NF elements such as mounting structures and nearby obstacles is studied by means of finite integration technique (FIT) electromagnetic simulations; meanwhile the distortion caused by FF propagation mechanisms has been evaluated through intelligent ray tracing (IRT) simulations. An original contribution in this paper is to show the impact of the different sources on the average received power as function of angle.
The remaining of the paper is organized as follows: Section II presents an overview of different urban BS deployments and introduces the two scenarios considered in this paper. Section III gives an overview of the simulation environment and the different parameters used in the design of the scenarios. In Section IV, the results are presented and discussed, and finally, Section V provides a conclusion.
II. PRACTICAL URBAN BASE STATION DEPLOYMENTS
In typical urban deployments, BSs are located in elevated positions to cover large areas. Ideally, the radio signal propagates above rooftops, gets diffracted at rooftop edges, and is guided by the street canyons (by multiple reflections on buildings and corner diffractions) until it reaches the user terminal. In general, the radio planning tools used by mobile operators are able to model the propagation to some extent. They typically model mainly the average field strength, but not the complex realistic propagation based on the 3D geometry of the scenario. Also, they do not consider the elements located in the vicinity of the BS antenna (e.g. mounting structures and nearby obstacles). Two practical urban BS deployments have been selected in this paper for studying and comparing the distortion suffered by the radiation pattern under different configurations: rooftop and telecommunications tower.
A. Rooftop Deployment
This is possibly the most relevant scenario for typical urban deployments. As it is illustrated in Fig. 1a , there can be several potential sources of NF distortion above rooftops: the other two antennas of the tri-sector, antenna mounting structures, camouflage radomes for low visual impact [9] , the rooftop floor, and any other obstacle on the rooftop (e.g. chimneys). 
B. Telecommunications Tower Deployment
In the case of the telecommunications tower in Fig. 1b , due to its metallic character, the main contributor to the NF distortion is the tower itself, together with other antennas and mounting structures.
III. NUMERICAL SIMULATIONS
All the NF simulations presented in the paper have been carried out with CST Microwave Studio [10] , based on FIT computation techniques. On the other hand, WinProp, the radio propagation and network planning tool from AWE Communications [11] has been used for FF simulations.
A. Near-Field FIT Simulations
In order to recreate the BS antenna Kathrein 742215 [12] used in the deployments studied in [3] , a simple 8-element array antenna was designed based on the dual polarized patch element reported in [13] . This was done since the actual element type and number of elements used in the Kathrein antenna were unknown. The designed antenna is an example of BS antenna with a similar but not identical radiating performance to the Kathrein. An illustration of the considered antenna element and the designed BS antenna together with its 3D radiation pattern can be seen in Fig. 2a and Fig. 2b , respectively. Fig. 2c shows the matching to the Kathrein antenna in terms of azimuth and elevation radiation patterns for the considered frequency of 2200 MHz. Table I summarizes the main parameters of the Kathrein and the simulated BS antennas. As it can be seen, both antennas are similar in terms of horizontal (H) and vertical (V) half-power beamwidth (HPBW), gain (G), first side lobe level (FSLL) and angle of downtilt. The different dimension (width) between both antennas is mainly due to the higher width of the antenna element used in the design of the simulated one. As it can be also noticed, the FBR of the simulated BS antenna does not meet the specification of the Kathrein antenna. Further refinements could have been done to the ground plane to improve this aspect during the BS antenna design stage, but since the main focus of the study is the analysis of the distortion, this is not considered as important issue, since the simulated BS antenna pattern is simply used as the reference for the different distortion calculations.
For the considered frequency, the wavelength (λ) is 0.1364 m and, consequently, the minimum FF distance (calculated as the Fraunhofer distance considering the largest dimension of the BS antenna) is approximately 6 m. As it can be seen in Fig. 1 , there can be many elements surrounding the BS antenna inside the radiating NF zone. In order to analyze the distortion produced by some of these elements, the two scenarios considered were built in the simulation tool. The rooftop scenario has been modeled as a tri-sector inside a cylindrical radome mounted on a rooftop with a nearby chimney as it is shown in Fig. 3a . For this particular scenario, the different simulations allowed to quantify separately the distortion effects caused by each single element. For the telecommunications tower scenario, shown in Fig. 3b , a trisector mounted on a metallic tower has been modeled.
It is clear that different materials, sizes or distances between elements would impact the results. The main idea behind this study is to provide an indication of the contribution to the total distortion of different elements in practical deployments and, therefore, all the sizes, distances and materials of the different components are realistic and have been mainly selected based on the different mounting specifications detailed in [9] and [12] . 
Table II summarizes the main parameters used in the NF modeling and the FIT simulations. The outcome of all the different FIT simulations performed are the FF radiation patterns. By comparing them, the NF distortion caused by the different elements was computed in terms of azimuth and elevation pattern.
B. Far-Field IRT Simulations
In order to evaluate the contribution of urban propagation to the distortion, a IRT-based received power prediction [15, 16] was carried out in WinProp utilizing the different FF radiation patterns obtained from the simulations in CST as BS antenna patterns. The scenario considered is one of the locations investigated in [3] . At this location, the urban area is quite flat and regular with an average building height of 15-18 m (4-5 floors) and street width of approximately 20 m. The BS was placed on top of a building at 23 m height and its location and orientation are depicted in Fig. 4 by the black point and arrow. The black circle indicates the boundaries of the region over which the effective radiation pattern was computed.
One should understand the term effective pattern as the pattern observed under real deployment conditions. Ideally, it is the pattern that results from normalizing the (ensemble) average power received by a user circumscribing the base station at a fixed imaginary distance from the base station; the ensemble average is understood in respect to spatial averaging on the particular scenario under study, hence averaging both small-scale and local shadow fading effects. In practice, and especially in measurements, the spatial averaging is done over a small local area, sufficiently small so as not to introduce significant variations in received power due to change of angle or distance, and with proper compensation for largescale distance effects to enable comparison of averages taken at different distances/angles. Typically, the distance range in which averages are taken is confined to the main beam direction in the elevation plane. In order to follow the previous indications, for this particular simulation analysis, the effective radiation pattern was computed at a reference distance of 175 m from the BS. This distance was calculated based on the geometry of the scenario considering the BS height (23 m), the height of the prediction (1.5 m) and the main beam elevation (7 • ).
With the aim of collecting enough representative samples to perform the aforementioned spatial averaging over small local areas, the data was collected in the range 175 ± 20 m. Inside this range the maximum large-scale variation of the samples is expected to be smaller than 4 dB, considering a non-lineof-sight (NLOS) path loss exponent of 4. For the estimation of the effective radiation pattern, the results are normalized to the average power value inside of a small ±15
• beamwidth in the boresight direction. The different parameters used in the IRT simulations are shown in Table III . In the rooftop scenario, it can be seen how the cylindrical radome reinforces slightly the radiation in the back side (see increased gain compared to the reference in the regions around 150
• and 210
• in both azimuth and elevation). Despite typically these kind of low visual impact products are claimed to be RF-transparent, from the simulation an average back radiation increase of 1.27 dB in azimuth and 3.47 dB in elevation was found. This result is in line with the findings in [6] which predicted a FBR reduction of 2.43 dB for a circular radome of 650 mm of diameter.
Due to the geometry of the scenario, the rooftop itself distorts mainly to the elevation pattern, reducing the radiation in an average of 1.08 dB in the lower part (mainly the region between 210
• and 330 • ). In the case a larger rooftop radius would have been considered in the simulation, the impact would have been extended towards elevation regions closer to the main lobe (centered at 353
• due to the 7 • of tilt). The impact of directing the main beam towards the rooftop was already studied in [5] , and it is the equivalent of placing the BS antenna in a blind location in the middle of a rooftop without any simple radio planning consideration, so it can rarely occur.
Considering now a nearby obstacle, such as the chimney located in front of the active antenna of the tri-sector, it can be seen how, in azimuth, there is a reduction of approximately 3 dB in the radiation in the direction of the chimney (15 • ). A secondary effect, also in azimuth, of the nearby chimney is the reinforcement of the radiation in the back side due to the reflection of the signal on the chimney. This reinforcement in the back side is in average 2.37 dB.
In the telecommunications tower scenario, it can be seen how, according to the simulations, the most significant effect is the reduction in the back side of the azimuth pattern with an average decrement of 3.98 dB. Oppositely, in elevation, the back side radiation slightly reinforced in the regions around 150
• . This distortion is dependent on the distance between the antenna and the mast of the tower and a higher distortion is expected for shorter distances as indicated in [5] . Table IV provides a detailed summary of the distortion caused by each of the different elements on the front and back radiation lobes. These results combined with previous observations confirm that, in general, mounting structures and nearby obstacles have a small impact on the radiation pattern in agreement with [5] , [6] and [7] . By considering the full rooftop scenario with radome plus rooftop and nearby chimney, the minimum azimuth FBR is reduced in 4.78 dB compared to the original reference of 20 dB. In the case of the telecommunications tower, the minimum azimuth FBR is minimally altered and remains close to the value of 20 dB. Fig. 6 illustrates the effective radiation patterns estimated from the propagation predictions performed with the different BS antenna patterns. For simplicity, three cases are compared to the theoretical free space azimuth pattern. The first case (reference) corresponds to the propagation prediction done with the undistorted reference pattern. The second case considered is based on the full rooftop scenario distorted pattern which considers the influence of cylindrical radome plus rooftop plus nearby chimney. The last case considers the pattern distortion caused by the telecommunications tower.
B. Far-Field Propagation
As it can be seen, the effective patterns computed from the predictions with the distorted BS antenna patterns (rooftop and telecommunications tower scenarios) are very similar to the prediction with the original undistorted BS antenna pattern. This indicates, that despite of the different BS antenna patterns considered, the IRT simulations predict very similar ray propagation paths in the three cases. The most remarkable difference between the three cases is the reduced/increased radiation of approximately 3 dB in the front/back side of the effective pattern computed in the rooftop case compared to the reference and the telecommunications tower cases. This is a consequence of the distortion caused by the chimney located in front of the BS antenna in the complete rooftop scenario previously analyzed.
In order to understand the magnitude of the distortion caused by the urban propagation effects, the effective patterns are also compared in Fig. 6 to the theoretical azimuth pattern previously presented in Section II. It can be seen how the front side of the effective patterns follow quite close the theoretical reference, while in the back side some increased radiation is observed (see region around 150
• ). From the urban geometry perspective, this effect can be explained as a strong contribution from the front lobe, reflected on a building and guided by the street canyons to the back side region. The minimum FBR for the different cases can be also deduced from the figure. In the case of the telecommunications tower and the reference cases, the minimum FBR is similar and approximately equal to 12.5 dB. In the case of the complete rooftop scenario, due to the previous observations, the minimum FBR is lower and equal to 11 dB. In both cases, this implies an approximate reduction of 10-15 dB from the original FBR, which confirms and explains the results from the measurement previously studied in [3] . Table V summarizes the distortion observed in the effective radiation patterns compared to the theoretical free space reference. Based on the magnitude of these FF distortion results compared to the NF distortion results presented in the previous subsection, it can be concluded that the urban propagation are the main contributors to the total antenna pattern distortion experienced in practical urban scenarios. This conclusion can be also reached by comparing the numbers given in Table VI , which gathers together all the different FBR results given along the section.
V. CONCLUSION
This paper presented a simulation-based analysis of the base station antenna pattern distortion experienced in two practical deployment scenarios: rooftop and telecommunications tower. The first part of the analysis, based on finite-integrationtechniques, focused on the near-field distortion caused by mounting structures and nearby obstacles. The second part, based on intelligent ray-tracing, analyzed the distortion caused by the urban propagation mechanisms. The results show how, in general, the distortion produced by mounting structures and nearby obstacles is small compared to the contribution from the urban propagation. The biggest impact caused by elements inside the radiating NF zone was found for a rooftop chimney, which caused a front-to-back ratio reduction of approximately 4 dB. The combination of the different near-field distortion sources with the urban propagation effects leaded to a higher front-to-back ratio reduction of approximately 10-15 dB in the practical radiation pattern when comparing it to the free space reference pattern.
These results provide an explanation to previous studies from the literature and, as future work, a measurement campaign will be considered for a complete validation of the simulation results. 
